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Abstract: In this paper, via describing function techniques, sliding mode control
of DC servo mechanisms is analyzed in the presence of unmodeled dynamics.
We first show that, a conventional sliding mode controller with signum function
will inevitably generate a limit cycle where a second or higher order unmodeled
dynamics exists. A fractional interpolation based smoothing scheme is then
proposed to eliminate the limit cycle, and maintain a reasonable tracking precision
bound. In particular, a DC servo motor with unmodeled stator and sensor
dynamics is taken into consideration. Both theoretical analysis and simulation
results verify the effectiveness of the proposed new fractional interpolation control

scheme.

Keywords: Sliding Mode Control, Unmodeled Dynamics, Describing Function,

Limit Cycle, Smoothing Control.

1. INTRODUCTION

It is well known that Variable Structure Control
(VSC) with sliding mode has superior robustness
to matched system uncertainties (Utkin, 1992)
(Young and Ozguner, 1993) (Xu et al., 1997) (Man
and Yu, 1997) (Xu et al., 2000). However, such
a SMC may lose its robustness when unmod-
eled system dynamics exist, as the discontinuous
switching will lead to limit cycles — the chattering
phenomenon.

There are two factors jointly generating a limit
cycle: a relative degree above two and an overhigh
control gain around the equilibrium. According
to classical control theory, a higher relative de-
gree implies the possibility of a large phase lag
beyond —180°. Meanwhile a higher gain means a
less phase margin. Unfortunately, a typical dis-
continuous switching control in SMC possesses an
infinite gain in the equilibrium. When the system

is strictly positive real (relative degree one), a
phase margin of 90° is guaranteed. Limit cycles
occur mainly in two circumstances: either in the
presence of a sampling delay or an unmodeled
dynamics of relative degree above two.

Let us first look at the sampling delay. Since a
sampling mechanism generates a pure time delay,
the corresponding Nyquist curve will move spi-
rally towards the origin and cut cross the negative
real axis infinitely many times. Thus at certain
phase cross frequency the phase reaches —180°
and limit cycles occur. As far as a servo system
is concerned, with a perfect switching mechanism
(infinite switching frequency available or equiva-
lently the sampling delay is infinitesimal), phase
crossover frequency is also infinity and the limit
cycle magnitude is zero owing to the low pass filter
nature of the servo. In practice when the sampling
frequency is limited, a common way to eliminate



chattering is to incorporate a smoothing control
scheme to reduce the gain around the equilibrium.

In the presence of unmodeled dynamics, the chat-
tering problem will be worsened due to the ex-
tra phase lag, thereafter a rather lower phase
crossover frequency and a larger chattering magni-
tude. In particular when the unmodeled part has a
relative degree of two or above, limit cycles are in-
evitable even with a perfect switching mechanism.
Most SMC designs for servomechanism ignore two
kinds of dynamic factors in the motor stator cir-
cuit and sensor devices (encoder and tachogenera-
tor). They will present at least two first order low
pass filters cascaded to the mechanical part of the
servomechanism.

Here a question is, can we take those dynamic
factors into consideration in SMC design? The
first difficulty we have is the availability of internal
state variables corresponding to those unmodeled
dynamics. The second difficulty is the presence
of unknown parameters in unmodeled dynamics,
which hinders state estimation. Third, by taking
stator dynamics, encoder and tachogenerator dy-
namics into account, the system is of fifth order
(likely higher with state estimation), and the slid-
ing mode controller would be over complicated for
practical servo applications. On the other hand,
the unmodeled dynamics are stable and usually
less influential to matched disturbance rejection.
Thus we can extend the widely adopted chatter-
ing elimination approach — smoothing the control
input. Note that this way leads to a lower control
gain in servo mechanisms, consequently to certain
extent sacrifices control precision. However this
will be rewarded by the elimination of limit cycles
that usually generate a larger tracking error and
lead to fast wear and tear of torque transmission
device. Moreover, the SMC can be designed solely
based on the reduced order servo system, i.e. the
mechanical part without concerning the unmod-
eled dynamics.

In this work, a new fractional interpolation based
smoothing scheme is proposed to eliminate the
limit cycle in DC servo mechanisms. Because of
the nonlinear switching control in SMC, the de-
scribing function method, an extended version of
the frequency response method for linear systems
(Slotine and Li, 1991), is used to analyze and pre-
dict the limit cycle approximately. Through both
theoretical analysis and simulation of a typical
DC servo mechanism, it is verified that the limit
cycle occurs if a conventional SMC with signum
function is applied, and disappears when the SMC
is revised with an appropriate smoothing scheme.

The paper is organized as follows. Section 2 gives
the descriptions of the DC servo motor and the
unmodeled dynamics. In Section 3, via describ-
ing function techniques, the limit cycle problem

associated with SMC is first analyzed, then a
new smoothing function is introduced to eliminate
limit cycles. Section 4 considers a DC servo motor
and shows the validity of the analysis and the
effectiveness of the proposed control scheme.

2. PROBLEM FORMULATION

A. Mechanical Dynamics of DC Servo

A typical DC servo motor can be expressed as
below

JO + b0+ k0 =7+ (1)

where 6 is the motor angular displacement, 7
and 7; are the motor torque and load torque
respectively, J is the total inertia, by is the viscous
friction coefficient and k, is the spring constant.
Defining 1 (t) = 0 and x5(t) = 6, the state space
form of (1) is

~

),

T (t) le 1
{ Bo(t) = _j(ksxl + bsxa) + 7(7 +7)

(2)

where z1(0) = #(0) and z2(0) = 6(0). Note that
(1) or (2) represents the mechanical subsystem of
the DC servo. Often the sliding surface is designed
by taking this mechanical subsystem into account,

which is ¢ = ez + c1e; where e; = =1 — 74,1,
ea = w2 and x4 is a set point. The simplest
switching control is 7 = —k sign(c), where the

gain k is designed appropriately by taking all servo
system uncertainties into account. A convenient
design tool is the Lyapunov’s direct method with
the Lyapunov function candidate V = 102 It is
worthy to point out that the relative degree from
the system input 7 to the extended output o is
one. Hence the process is may have a phase margin
of 90°

B. Unmodeled Dynamics

In practice the DC servo motor has a first order
stator electrical dynamics

. 1
Iq=L—q(u—RIq), 3)
T = ktIq7

where I, is the g-axis current, L, is the g-axis
inductance, R is the stator resistance, u is the con-
trol input voltage and k; is the torque constant.
Define a new state z3(t) = I, (3) becomes

iy = Liqm ~ Ruy), (4)

and its transfer function is



Another source of unmodeled dynamics is related
to sensing devices. A sensor is truly a dynamic
system and the general dynamic structure of a
sensor is (Bernstein, 2001)

zZ= f(Z,l‘),

where z is the internal sensor state, z is the
physical input to the sensor, and % is the sen-
sor output. In the DC servo motor, the angular
displacement x1 is measured by encoder and the
angular velocity z2 by tachogenerator. By consid-
ering the sensor dynamics, we have the following
relationship

T = QS(Z’J:)’ (6)

T1E1 + 1 = kia, Todo + T2 = ka2,
where ;1 and %o are the acquired state variables
through sensor dynamics. In practice the sensor
DC gains k; and ks can be easily calibrated
through static tests. However it is not an easy task
to accurately measure time constants 7 and 7o.

The transfer function from the applied switching
surface ¢ to the theoretical one is

. kos c1ky
U(S) Tos+1 T18+1

D = =
2(s) o(s) s+a
_ 71k232 + (k2 + C1k17’2)8 + 1k (7)
[Mi7as? 4 (11 +72)s + 1] (s +c1)
Remark 1: It is a common practice to use low

pass filters to get rid of measurement noise. In
such case 1y and T should include these filter time
constants. In addition, there often exist a variety
of parasitic dynamics in practical systems and
they also account for the existence of unmodeled
dynamics.

Due to the existence of above two classes of
unmodeled dynamics, the system may not work
properly under a conventional sliding mode scheme
with signum function, or even under a smoothing
control scheme. This can be shown in the analysis
of the subsequent sections via describing function
techniques.

3. DESCRIBING FUNCTION TECHNIQUES
BASED ANALYSIS

A. Limit Cycle Problem with Signum Function

The system in (1) can be rewritten as an extended
error dynamics

é1(t) = ea(t),

éz(t) = —ag€1 — a1€2 — apes + bt (8)

és(t)=0
where ag = ks/J, a1 = bs/J, b = 1/J and
es(t) = x4,1 is a constant. The switching control
with signum function is 7 = —k sign(o). The
block diagram of the system is shown in Fig.1,
where G(s) can be regarded as a low pass filter
without poles at the origin

b(s + c1)
T(s) s24ais+ag

Define G4(s) = D1(s)G(s)D2(s) which is the

transfer function of the plant linear part.

Assume there exists a self-sustained oscillation
(limit cycle) of amplitude A, and frequency w,.
When w, is sufficiently high in comparison with
the cut-off frequency of G4(jw.), according to the
describing function analysis method the switching
surface can be approximately written as o =
Acsin(wet). Limit cycles exist if the Nyquist
curve of the linear plant G4(jw.) intersects with
H(A,w) = —1/N(A,w), where N(A4,w) is the
describing function of the system nonlinear part.
The describing function of the signum function
is N(A) = 4k/mA. Thus H(A,w) = —1/N(4) is
the whole negative real axis with the initial point
(0,0) corresponding to A = 0.

There will be three possible classes of system
motions in terms of the intersection points as
shown in Fig.2. In the absence of unmodeled
dynamics D; and Ds, since the relative degree
of G(s) in (9) is one, there is an intersection at
(A, = 0Uw, = 00). This is exactly the ideal sliding
motion which has infinite switching frequency and
zero off-set. Owing to the theoretically larger
phase margin (90°), any extra small phase lag
practically existing, such as sampling delay, will
produce a limit cycle with very small magnitude.
Next when the system linear part has relative
degree two, i.e. either GD; or GDs is under
consideration, the intersection point is still at
(Ac = 0 U w, = 00). However, the phase margin
in this case could be zero, which implies that
the system may not be robust at all. Hence the
extra small phase lag may produce limit cycle with
relatively large magnitude. Finally, if a second
order unmodeled dynamics Dy D> is present, there
definitely exists one intersection at (A. > 0 U
we < 00), thereby limit cycle motion exists even
without considering any extra phase lag factors.

B. Limit Cycle Elimination with a New Fractional
Interpolation Smoothing Control Scheme

In order to eliminate the limit cycle problem
described above, a new fractional interpolation
smoothing control scheme below is proposed to
replace the signum function



Fig. 1. Block diagram of the DC servo motor with
signum function.
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Fig. 2. Detections of the limit cycle in the DC
servo motor.
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where the equivalent switching gain is

(lo] +61)lo]|

ke =k ,
(lo] +0)2

and ¢ and &1 are two design parameters.

Proposition: The proposed control law (10) with
0 = 20 + %, where 7 is a prespecified tracking
precision bound, ensures the following three prop-
erties. P1° The equivalent control gain k. > k
when |o| > 7, which means the equivalent gain is
adequate outside the precision bound. P2° The
switching control w is continuously differentiable
with respect to o (smoothness property). P3°
The equivalent switching control gain k. = k as
|o| = o0, i.e. maintains at a moderate level.

The new fractional interpolation smoothing scheme
is able to eliminate limit cycles, as given in the
following theorem.

Theorem: The Nyquist plot of H(A,w) = —ﬁ,

where N(A) is the describing function of the

proposed controller, will be a line on the negative
. L. . 5

real axis from the initial point (—,C(T’?HS), 0) to the

end point (—o0, 0).

Proof: See Appendizx. |

Let v be the maximum value of the magnitude
of |Gq(jw)| at the phase crossover frequency wy.,
i.e. the leftmost point m in Fig.3, while the
unmodeled dynamics D and D take all possible
values. By properly selecting the parameters § and

n such that dn/ [k(2n + 6)] > =, we can achieve the
sliding mode without any limit cycle.
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Fig. 3. Detection of a limit cycle in the case of a
second order unmodeled dynamics.
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Fig. 4. Detection of a limit cycle in the case
of a second order unmodeled dynamics and
sampling delay.

Remark 2: A sampled-data system with lim-
ited sampling frequency will inevitably incur a
pure time delay e~*T with the sampling period
Ts. Fig.4 shows that the Nyquist plot of system
G(s)e=*Ts approaches the origin in a spiral man-
ner, hence there are theoretically infinite intersec-
tions with the negative real axis, therefore infi-
nite number of limite cycles. Usually in practical
systems the sampling period is sufficiently small,
thus the m’ point, which corresponds to the limit
cycle with the maximum magnitude, will be very
near to the origin. This implies that limit cycles
due to sampling delay can be easily avoided by
introducing a smoothing function which moves
the rightmost point of H(0,w) from origin to the
position ag. Note that a small n can achieve this
if ag is small. As a consequence, a small T allows
a higher precision bound. It can also be seen from
Fig.4 that, to avoid the point m we have to further
move ag leftwards, leading to a rather larger n —
a lower tracking precision.

4. AN ILLUSTRATIVE EXAMPLE WITH DC
SERVO MOTOR

Consider the DC servo motor dynamics described
by (1), (3) and (7) jointly. The parameters are
J =6.0x10"2 Kg-m, ks = 0.255 N - m/rad,
bs = 0.075 N -m - sec/rad, L, = 11.6 x 1073 H,
R =2215Q,k =1, 7 = 0.01, =» = 0.008 sec
and ky = ko = 1. The set point is 3 = 2 rad. The
sampling interval is Ts = 0.001 sec. The sliding



surface is 0 = ey + 6¢e;. The initial values of the
states are £1(0) = 1 and z2(0) = —1. The initial
values of unmodeled dynamics are assumed to be
zero. The switching control gain can be calculated
as k=5.3. G(s) in (9), D1(s) and Dy(s) are

16.67(s + 6) 86.2
G = =
()= a5 1425 1) = S 10003
12552 + 125855 + 75000
Dy(s) =

(s2 4 2255 + 12500)(s + 6)

The prior knowledge of the unmodeled dynamics
is that the parameters L,, R, k¢, 7 and 7 vary
+20% from their rated values.

Case 1: No Unmodeled Dynamics

First look at the SMC with signum function. As
shown in F'ig.5, there exists a very small limit
cycle in the absence of unmodeled dynamics. This
limit cycle is due to sampling delay and can be
easily eliminated by the smoothing scheme (10)
with the tracking precision bound n = 0.08 (§ =
1), see Flig.6.
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Fig. 5. System performance under conventional
signum controller without unmodeled dy-
namics: (a) Switching surface; (b) Near the
equilibrium.
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Fig. 6. The evolution of the switching surface
under the proposed fractional interpolation
scheme (7 = 0.08 and 6 = 1).

Case 2: With Unmodeled Dynamics

Now still using the same smoothing control para-
meters 77 = 0.08 (0 = 1), we can see from Fig.7
that limit cycle occurs again. By drawing Nyquist
plot of G4 = GD1 D5 and taking the £20% para-
metric variations into account, we can see that

the two extreme points are at m (—0.034) and n
(—0.0176) as shown in Fig.8. On the other hand,
H(0,00) = — gy = —0.013 falls even right to
the n point, thus the limit cycle is inevitable, and
incurs rather larger tracking error o ~ 0.8.
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Fig. 7. System performance under the proposed
fractional interpolation control scheme (n =
0.08 and § = 1) with the second order
stable unmodeled dynamics D1(s)Da(s): (a)
Switching surface; (b) Control profile.
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Fig. 8. The nyquist plot of the system G4(s) =
D1(s)G(s)Da(s).

Finally to eliminate limit cycle we have to further
reduce the control gain with n = 0.3, 6 = 1.5. Now
H(0,w) = —% = —0.04 which is again left
to m. We are able to produce very smooth con-
trol responses and smooth control input profiles
shown in F'ig.9. The actual error at steady state
is 0.049, which is far lower than the preceding
circumstance.

5. CONCLUSIONS

In this paper, describing function techniques are
applied to analyze the sliding mode control of
the DC servo mechanisms. In the presence of
unmodeled dynamics, especially when the unmod-
eled part has a relative degree of two or above,
the limit cycle problem will happen when using
conventional SMC scheme with switching mech-
anism. The proposed new fractional interpola-
tion smoothing scheme, which is used to avoid
high switching chattering, effectively eliminate the
limit cycle. Moreover, the new smoothing scheme
can be easily designed based on the reduced order
servo mechanical system.
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Fig. 9. System performance with proposed con-
troller (n = 0.3 and § = 1.5) in the case of
the second order stable unmodeled dynamics:
(a) Switching surface; (b) Control profile.
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APPENDIX: PROOF OF THEOREM.

Consider the input of the control function (10) is
—o = Asin(wt), then the output is
Asi Asi
u(t) = k[|Asin(wt)| 4 61] sm(wt)'

[|Asin(wt)| + 6] ()

Define r = Asin(wt) for simplicity. In case of
A < §, (11) can be expressed by series expansion

k(|r|+§1)r:_k(|r|+51)ri( 1
14+ b

ult) = (Ir| +0)2 5 dlr|

_ Z:w(_l)iﬂ [i01 — (i — 1)o] kr|r[—*

- §i+1
=1

=5 h, (12)
=1

where h; = (— 1)1 01=G=D3krlrT2 g gt
in (11) can be expanded as a Fourier series, with
the fundamental being

uy = aycos(wt) + by sin(wt).

Because u(t) is an odd function with respect to o,
a1 = 0. The coefficient by is

Jj=

/Zhsmwtdw :Zb]
j=1

,le

The integrations of the first three parts are b; =
2 3

A§2517 b 24 kiczsglfﬁ) and by = A k(i&ifw)'

From (12), it is easy to know that the jth (j > 3)

parts left in (13) will be b; = A7d;, j > 3, where
d; is the coefficient composed of the parameters
k, 61 and 6. Then

p o Akdy 2A42k(26, — 0) N A3k(368, — 20)
L= 72 703 464
+> Ald;.
j=4

Therefore, when A < § is satisfied, the describing
function of the proposed control scheme is

by k6 2AK(261 —0)
NO=3=% "~
A2k(3§1 —26) ZA] 1.
1 (577
H A —_0) = ————— —_ = —_—-——
@) lamo =77 == “z@n o)
From (13), H(A,w) can also be expressed as
1 A
H A = - = — =
( 7(U) N(A) b]_
B ™
4k fO% v(A, wt)dwt’

where v(A,wt) = [Asnletl ol (o1

v(A1,wt) < v(0,w) because

. VA > 0,

sin(wt)?| Ay sin(wt)]

v(Ay,wt) —v(0,wt) = —
(A, wt) =0(0wt) = =75 [|Aysin(wt)| + 62
5 L, 252
(20 + — )|A13m(wt)|—|—(36 —|—7) < 0.
Then VA € (0,00), H(Aw) < H(O,w) =
k(2n+6) <0.



